A stable passively synchronized femtosecond laser has been realized by coupling two 1.3 W mode-locked Ti: sapphire lasers with a Kerr medium. An ultralong tolerance of 10 m for the cavity length mismatch and a timing jitter of less than 0.4 fs were obtained. The relative carrier-envelope phase slip was directly observed by measuring the heterodyne output between the two lasers.
Synchronized femtosecond lasers have wide applications in ultrafast pump-probe spectroscopy, 1 difference-frequency generation, 2 and optical frequency metrology. 3 Since the 1990s, passively synchronized femtosecond Ti: sapphire lasers have been developed with different designs [4] [5] [6] ; however, because they share one gain crystal, the accompanying gain competition effect greatly limits the stability and mismatch-length tolerance of the two cavities. In addition, the output power from each branch is limited to ϳ200 mW because of the limited pump load in a single crystal. In 2001 a novel passively synchronized femtosecond laser based on a cross-phase modulation effect between a Ti: sapphire and a Cr: forsterite laser 7 was proposed. Stable two-color femtosecond pulses at completely different wavelengths were produced with subfemtosecond timing jitter and 3 m mismatch tolerance. 8 In this Letter we further promote this technique by intracavity coupling of two similar femtosecond Ti: sapphire lasers into a Kerr medium, achieving an ultralong-mismatch tolerance of more than 10 m. Pumped with two independent 532 nm pump lasers, the system can deliver 1.3 W average power from each branch, running continuously for many hours. To our knowledge this is the most stable synchronized femtosecond laser with the highest output power to date.
A schematic of the experimental setup is shown in Fig. 1 . Laser cavity 1 consists of mirrors M1-M6 and output coupler OC1; laser 2 consists of mirrors M7-M12 and output coupler OC2. Both lasers adopt the standard prism-dispersion control configuration 9 and are coupled inside Kerr medium K, where F1 and F2 are 10 cm focal-length lenses; X1, X2, and K are 4 mm thick Brewster-cut Ti: sapphire crystals, and PM1, PM3 and PM2, PM4 are pairs of fused-silica prisms with a tip-to-tip distance of 80 cm. The size of the whole system is approximately 800 mm ϫ 400 mm. According to Refs. 10-12, the relative delay change between two laser pulses through the crystal is determined by
where P i , i , D i , and i (i = 1, 2) are the intracavity peak power, central wavelength, intracavity dispersion, and pulse duration, respectively, for lasers 1 and 2; S is the interaction area, L is the effective interaction length (shorter than the crystal length), n 2 is the nonlinear refractive index of Ti: sapphire with the value 2.5ϫ 10 −16 cm 2 /W, 13 and T 0 is the normalized initial delay between the two lasers at the entrance surface of the crystal. According to Eq. (1), we align the two pairs of concave mirrors M5, M6 and M11, M12 such that the two lasers overlap in the Kerr medium at the focal points of the concave mirrors. We let the two laser beams intersect at as small an angle as possible by using D-shaped concave mirrors with two nearby mirrors spaced 1 mm apart. Output couplers OC1 and OC2 have a transmission of 20% to produce high output power, while all other mirrors are high reflectors of large bandwidth centered about 800 nm. Both pump lasers are frequencydoubled Nd: YVO 4 lasers (Coherent, Inc., Verdi V10) capable of delivering up to 10 W continuous wave output at 532 nm. To match the cavity length, end mirror M4 is mounted on a movable stage.
At 8 W pump power for each laser branch we obtained stable mode locking with output powers of 1.3 W from both oscillators. Further increase of the output power caused continuous components to appear in the spectrum, most probably owing to the thermal overload and strong Kerr effect in the crystal. Detecting the leakage from both lasers with two independent fast photodiodes connected to an oscilloscope (Tektronix, TDS520D), we were able to observe the synchronization between the two femtosecond lasers. Before synchronization, we measured both repetition rates with a frequency counter (Hewlett-Packard, HP 53131A) and tuned end mirror M4 manually to match the cavity length as well as possible. Through fine alignment of the overlap of the two beams in the third Ti: sapphire crystal, we obtained passively synchronized operation by observing the pulse trains on the oscilloscope. Compared with previous reports of starting and sustaining synchronization with a piezoelectric mount, we found that synchronized running in our experiment is not so critically dependent on fluctuations of cavity length. With optimized alignment, one can switch the system to synchronous from asynchronous mode merely by tuning end mirror M4 by hand. Even if the movable stage is touched within the calibration limit the synchronization remains stable, showing that the cavity-length mismatch tolerance is larger than 10 m. We attribute this ultralong tolerance to the high peak power and large cross section inside the coupling Ti: sapphire crystal. From Eq. (1) we can see that the high peak powers allow a large delay change between the two pulse trains, which greatly extends the allowed locking range. Once in the synchronized mode, the laser could run stably synchronized for many hours. To our knowledge, this is the most stable passively synchronized femtosecond laser with an ultralong cavity-length mismatch tolerance to date, and the new piezoelectric-free configuration will enable us to carry out experiments on ultrafast pump probes, generation of nonlinear optical frequencies, etc. with unprecedented stability and feasibility.
Unlike for the asynchronous mode, we have not found observable changes in either the mode-locked power or pulse duration, and the wavelengths of both lasers could be tuned independently from 730 to 860 nm. To estimate the timing jitter we used a noncollinear cross correlator to measure the crosscorrelation trace of the lasers with a 0.1 mm long ␤-barium borate crystal to generate a sum-frequency signal. A slit was used to block the residual fundamental and the second-harmonic waves, while a photomultiplier tube was used to detect the sumfrequency signal. Sweeping the relative time delay of the lasers, we obtained the typical cross-correlation trace shown in Fig. 2(a) , which has a FWHM of 59 fs. We further determined the pulse durations of lasers 1 and 2 to be 45 and 39 fs, respectively, with Gaussian assumptions. Different materials inserted into the prisms lead to the difference in the pulse durations. From the relation between pulse duration and cross-correlation width 11 we can conclude that the timing jitter is less than 1 fs. Furthermore, fixing the time delay equal to the FWHM of the sum-frequency trace, we recorded the intensity fluctuation at 1 kHz bandwidth over a 2 s interval, as shown in Fig. 2(b) . Numerical analysis showed that the normalized relative standard deviation was 0.00653, corresponding to a root-mean-square timing jitter of 0.4 fs.
14 This result was reasonable because the high peak power leads to a much stronger cross-phase-modulation effect, which tightly locks the two lasers in the synchronous mode with an overwhelming superiority against environmental perturbations.
The ultralow timing jitter will enable us to further control the relative carrier-envelope phase slip between the two lasers with high accuracy. Such an experiment was reported by Shelton et al. 15 based on actively synchronized Ti: sapphire lasers, which incorporated a revolutionary technique for the coherent synthesis of optical pulse trains from two independent femtosecond lasers. More recently, Betz et al. demonstrated the self-phase-locking phenomenon in a passively synchronized Ti: sapphire laser. 16 To observe the relative courier-envelope phase dynamics, we first tuned the central wavelengths of both lasers near 790 nm to ensure efficient spectral overlap and then superimposed on them the same layout as for the cross-correlation measurement. By removing the focusing lens and detecting the heterodyning signal with a p-i-n diode, we were able to observe the beat signal on a spectrum analyzer (Hewlett-Packard, HP E4402B).
The measurement setup is shown in Fig. 3 , in which all the mirrors are gold coated to support a large bandwidth. A beam splitter (BS) was used to spatially superimpose the beams from the two lasers. Similarly to a typical f-2f experiment, 17 a holographic grating was used to disperse the heterodyning wavelengths for improving the signal-to-noise (S/N) ratio. After the laser overlap was optimized in both temporal and spatial domains, a heterodyne beat frequency with a S/N ratio of 41 dB was obtained at the resolution bandwidth of 100 kHz and a sweep time of 50 ms. Figure 4 depicts a typical rf power spectrum; the peak signal near 78.5 MHz represents the repetition rate f rep of the laser, while the other peaks signify beat frequency ␦ and f rep ± ␦. It was observed that the beat frequency near 28.25 MHz randomly fluctuated with the environmental perturbations and that as the cavity length was tuned there was a periodic shift of the beat frequency from 0 to f rep ; the corresponding cavity-length change was ϳ400 nm, in good agreement with other experimental results. 16 We also attempted to observe the phase-locking regime by tuning the beat signal close to repetition rate f rep . Unfortunately, we have not realized such operation under the present conditions in our laboratory, which is on the fourth level, where air flow and table vibrations are serious limitations. However, the high S/N ratio of the observed beat signal will enable us to realize very robust phase-locking operation with a stabilized phase-locked loop circuit.
In summary, we have developed a stable passively synchronized Ti: sapphire laser with two independent gain media, with an average output power as high as 1.3 W from each branch for a pump power of 8 W. Because of the strong cross-phase-modulation effect induced by the two independent lasers in the third Kerr medium, the system can be easily switched into stable synchronous mode by tuning the cavity length by hand, which indicates that the tolerable cavity displacement is larger than 10 m. The long sustaining time for many hours also verified the ultralong tolerance length. Measuring the fluctuations of the cross-correlation signal between the two lasers revealed a timing jitter of 400 attoseconds. Finally, we obtained a beat frequency with a S/N ratio as high as 41 dB by detecting the heterodyne output in the overlapping spectrum region.
